Damage to endoplasmic reticulum (ER) homeostasis that cannot be corrected by the unfolded protein response activates cell death. Here, we identified death-associated protein kinase (DAPk) as an important component in the ER stress-induced cell death pathway. DAPkÀ/À mice are protected from kidney damage caused by injection of the ER stress-inducer tunicamycin. Likewise, the cell death response to ER stress-inducers is reduced in DAPkÀ/À primary fibroblasts. Both caspase activation and autophagy induction, events that are activated by ER stress and precede cell death, are significantly attenuated in the DAPk null cells. Notably, in this cellular setting, autophagy serves as a second cell killing mechanism that acts in concert with apoptosis, as the depletion of Atg5 or Beclin1 from fibroblasts significantly protected from ER stress-induced death when combined with caspase-3 depletion. We further show that ER stress promotes the catalytic activity of DAPk by causing dephosphorylation of an inhibitory autophosphorylation on Ser 308 by a PP2A-like phosphatase. Thus, DAPk constitutes a critical integration point in ER stress signaling, transmitting these signals into two distinct directions, caspase activation and autophagy, leading to cell death.
Disturbances of endoplasmic reticulum (ER) homeostasis that lead to extensive and irreparable damage activate ER-specific cell death mechanisms. 1 These involve the upregulation of the CHOP transcription regulator by the PERK/eIF2a/ATF-4 pathway, jun N-terminus kinase (JNK) activation by an ERbased IRE1/TRAF2/ASK1 complex, and in mouse cells, direct activation of ER-localized caspase-12. Additionally, cytosolic calcium concentrations are increased during ER stress, contributing to cell death activation.
1 ER-stress-induced cell death has been, in the past, described as apoptotic in its nature, involving the activation of caspase-dependent pathways. 1 More recently, several reports have been published describing how certain ER stress inducers, including polyglutamine repeats associated with neurodegenerative disorders, DTT and various ER stress-inducing drugs, can also activate autophagy. [2] [3] [4] Autophagy is characterized by sequestration of bulk cytoplasm, proteins and organelles in double or multimembrane autophagic vesicles, and their delivery to, and subsequent degradation by, the cell's own lysosomal/vacuolar system. 5, 6 During metabolic stress, such as amino-acid starvation, the upregulation of autophagy serves as a means to provide an alternative source of intracellular building blocks and energy, allowing the cell to remain viable under unfavorable circumstances. 7 In other cellular settings, however, increased autophagic activity has been associated with cell death. 8, 9 Under such circumstances, the RNAi knockdown of key autophagy genes blocked cell death, indicating that autophagy can actually cause cellular demise. [10] [11] [12] [13] Notably, this functional duality is also apparent during ER stress, in which autophagy has been shown to protect from further cell death in some scenarios, 2, 4, 14, 15 and to promote cell killing in others. 4 These studies raise several unresolved issues regarding the cross-talk between apoptosis and autophagy during ER stress-induced cell death.
We have previously shown that overexpression of the calcium-activated calmodulin (CaM)-regulated serine/threonine kinase death-associated protein kinase (DAPk) induces autophagic cell death in cancer cell lines. 16 DAPk was originally cloned as a positive mediator of HeLa cell death induced by interferon-g, and this death was later characterized as caspase-independent autophagy. 16, 17 In different experimental settings, DAPk was also shown to be causal to caspase-dependent apoptosis in response to various stimuli. 18 This raised the possibility that DAPk may be a positive mediator of both apoptotic and autophagic programmed cell death pathways.
Here, we report that DAPk is a mediator of ER stressinduced cell death, whose catalytic activity is increased by ER stress signals. Knockout of DAPk provides significant protection from ER stress-induced cell death, and both apoptosis and autophagy activation are attenuated. Both processes, shown here to be activated concurrently within the same cells, lead to cellular demise in response to ER stress, as simultaneous disruption of apoptosis and autophagy is required to obtain maximal cell viability. Thus, these studies implicate DAPk as a common upstream integrator of the two types of programmed cell death pathways that are induced by ER stress.
Results
ER stress leads to both apoptosis and autophagy in the same cell. A cell culture model of ER stress was used to thoroughly assess the role of autophagy in this phenomenon. This involved treatment of primary mouse embryonic fibroblasts (MEFs) with drugs that induce ER stress through accumulation of misfolded proteins, including thapsigargin, an ER calcium channel blocker, and tunicamycin, an N-linked glycosylation inhibitor. An assay measuring the autophagy-mediated degradation of radiolabelled long-lived proteins showed a 3.5-fold acceleration in ER-stressed cells, compared to controls at 16-20 h post-treatment ( Figure 1A) . Furthermore, immunoblots of extracts from tunicamycin treated MEFs for the autophagy marker microtubuleassociated protein (MAP) light chain 3 (LC3) indicated a progressive conversion of the free LC3-I form to its lipidated, autophagosome-associated LC3-II form ( Figure 1B ). This was apparent as early as 8 h after induction of ER stress, when B50% of the endogenous LC3 was present in its lipidated form, and continued to increase at 16 and 24 h, with a concomitant induction in total LC3 ( Figure 1B , left and middle panels). The accumulation of LC3-II was significantly augmented by addition of the lysosomal inhibitors E64d and pepstatin A, indicating that the shift observed resulted from an increase in autophagic activity and not from a block in lysosomal-mediated degradation of autophagosomes. ( Figure 1B, right panel) . The presence of autophagosomes was confirmed by transmission electron microscopic (TEM) analysis ( Figure 1C) . Typical double or multimembrane autophagic vesicles engulfing cytoplasmic components and organelles accumulated in cells treated with ER stress inducers (Figure 1Cd-f, arrowheads) .
Endoplasmic reticulum stress in this system also induced markers of the apoptotic pathway. Western blotting indicated proteolytic activation of caspase-3 starting at 16 h after addition of tunicamycin ( Figure 1B, left panel) . The fact that apoptosis appeared later than the earliest indications of autophagy suggests that the autophagy observed here is not a reaction to, or a compensatory mechanism for, the apoptotic response. To determine whether the two phenomena occurred within the same cell populations, MEFs from a transgenic mouse line expressing the autophagy marker protein GFP-LC3 19 were used. In non-treated MEFs, GFP-LC3 was diffusively distributed throughout the cell. The treatment of cells with either thapsigargin or tunicamycin caused a punctate staining of GFP-LC3, reflecting the recruitment of LC3 to autophagic vesicles ( Figure 1D ), similar to the pattern observed in cells starved of amino acids and serum (data not shown). The number of cells with such puncta increased with time, from B50% at 8 h, to over 80% at 20 h ( Figure 1E ). Thus a significant portion of the population exhibited signs of increased autophagic activity following ER stress. Notably, immunostaining of GFP-LC3 fibroblasts with an antibody recognizing only the cleaved, activated form of caspase-3 showed that ER stress caused simultaneous activation of autophagy and caspase-3 cleavage in the same cell ( Figure 1D ). This contrasted with UV irradiation, which in these cells induced caspase-3 activation only, without the localization shift of GFP-LC3 ( Figure 1D ). Likewise, close examination of the electron micrographs of cells containing autophagosomes revealed the presence of several hallmarks of apoptosis, such as chromatin condensation (Figure 1Cb , c, black arrows), mitochondrial condensation (Figure 1Cb , c) and membrane blebbing (data not shown). Thus autophagy and apoptosis are not mutually exclusive events, but rather occur within the same cell following induction of ER stress.
Importantly, evidence of autophagy and apoptosis was observed in a mouse model of ER stress-induced death as well. Systemic injection of tunicamycin into mice causes ER stress-mediated death of kidney tubular cells. 20 Four days after injection of tunicamycin, mice showed clinical signs of disease, including weight loss, lassitude and lack of grooming. Tdt-mediated dUDP-nick end labeling (TUNEL) staining of kidney sections derived from these mice revealed a high level of apoptosis in the ER-stressed tissue ( Figure 5B , DAPk þ / þ kidneys). Furthermore, analysis of kidney sections prepared from GFP-LC3 transgenic mice injected with tunicamycin revealed strong punctate and ring-shaped fluorescent staining reflecting the presence of a high level of autophagic activity in the tubular cells (Figure 2A ). EM sections of these kidneys clearly exhibited the presence of double or multilayer membrane vesicles engulfing a variety of intracellular components, indicative of the presence of autophagosomes (Figure 2Bc-f) . The damaged tubular cells also contained many empty vacuoles (e.g. Figure 2Bc ), some of which were engulfed together with the surrounding cytosol by the autophagosomes (Figure 2Be , f). They also contained many condensed mitochondria (Figure 2Bc, d) . Notably, advanced chromatin condensation characteristic of apoptosis could be detected in damaged tubular cells, which also display autophagic vesicle accumulation suggesting that autophagy and apoptosis develop in the same cells (Supplementary Figure 1) . Taken together these data demonstrate that ER stress activates both apoptosis and autophagy at a single-cell level in cultured primary fibroblasts and in a mouse model system of kidney damage.
Both caspase activation and autophagy contribute to ER stress-induced cell death. To determine whether ER-induced autophagy positively mediates cell death or alternatively protects from cell death, the effects of 3-MA (3-methyladenine) (a commonly used inhibitor of autophagy) on the cell death response to tunicamycin were evaluated. Notably, administration of 3-MA did not accelerate cell death. Instead, it significantly augmented cell viability, but only when DAPk mediates ER stress-induced cell death D Gozuacik et al added in combination with zVAD, a pancaspase inhibitor. By itself, zVAD had no discernible protective effect on cell viability, suggesting that the combined action of caspase activation and autophagy induction contribute to cellular killing ( Figure 3a) . Similarly, as recently reported, 21 addition of 3-MA to Bax/Bak double-knockout fibroblasts, which fail to not accelerate cell death, ruled out the possibility that autophagy is death protective in this cellular setting. In contrast, however, in combination with caspase-3 perturbation (by either knockout or knockdown) the perturbation of Atg5 or of Beclin-1 was clearly cell death protective ( Figure  3b and c) . Notably, the single perturbation of caspase-3 by itself either protected to some extent from cell death or had no effect pending on whether the gene was knocked out or down, respectively (Figure 3b and c) . This difference may emerge from residual levels of caspase-3 in the knocked-down cells. Yet, in spite of these differences, in both cases the second perturbation of an autophagic gene further protected from ER-induced cell death. These findings imply that in primary fibroblasts, autophagy is a death-promoting mechanism, the contribution of which becomes apparent when the caspase-dependent pathway is blocked.
DAPk knockout fibroblasts are resistant to ER stressinduced cell death. Several signaling molecules, including DAPk, have been shown to mediate apoptotic or autophagic death pathways, depending on the death stimulus and cell type. Presumably, such dual-nature proteins are likely to have a significant function in ER stress-induced death, which has both apoptotic and autophagic components. To study the function of DAPk, we used a mouse line generated in our laboratory in which the DAPk gene was deleted (DAPkÀ/À mice) (see Supplementary Figure 4 for generation of knockout mice). Previous studies have indicated that knock-out of DAPk confers protection from several external stresses, including glutamate toxicity to retinal ganglion cells in the intact animal, 23 ceramide treatment of cultured hippocampal neurons 24 and oncogene activation in isolated MEFs. 25 To explore the possible involvement of DAPk in ER stress-induced cell death, the response of DAPkÀ/À MEFs to various ER stress inducers, including brefeldin A, thapsigargin and tunicamycin, was assessed (Figure 4a and c). Strikingly, in each case, DAPkÀ/À MEFs displayed attenuated cell death as compared to DAPk þ / þ controls. The reduction in cell death in response to tunicamycin was similar to that observed in the double knockout of Bax and Bak (Figure 4b ), previously shown to be necessary for ER stress-induced cell death. 26 In marked contrast, the death responses to UV light, adriamycin and staurosporine were indistinguishable between the wild-type and DAPk-null fibroblasts (Figure 4a) . A colony-formation assay using different doses of tunicamycin confirmed the resistance of DAPkÀ/À MEFs to ER stress-induced cell death compared to wild-type MEFs (Figure 4d ). Altogether, these results indicate that DAPk has a significant function in cell death activated by ER stress.
Interestingly, we found that DAPk deficiency does not interfere with the previously identified ER stress-induced pathways, namely induction of CHOP, activation of caspase-12 or JNK. As shown in Figure 4e , caspase-12 cleavage occurred to a similar degree regardless of the DAPk status of the cells and induction of CHOP expression was not attenuated in DAPkÀ/À MEFs (Figure 4f ). In both DAPk þ / þ and DAPkÀ/À MEFs, the activated phosphorylated form of JNK protein was observed as early as 15 min after tunicamycin treatment (data not shown), peaking at 30-90 min (Figure 4g ). Thapsigargin treatment of DAPk knockout cells also resulted in comparable levels of JNK phosphorylation (data not shown). Thus, DAPk is not necessary for the immediate cellular response to ER stress that involves activation of JNK, CHOP or caspase-12.
DAPk knockout mice are resistant to kidney toxicity caused by systemic tunicamycin injection. As DAPk is highly expressed in the kidney, and especially in renal tubular cells, 27 we assessed whether DAPk is necessary for ER stress-induced tubular cell death in vivo upon injection of tunicamycin. Analysis of hematoxylin and eosin-stained sections of the DAPk þ / þ kidneys revealed multifocal coalescing degeneration of proximal tubules with the presence of cellular debris in the lumen (Figure 5Ab within this domain. 28 DAPk is activated when these controls are relieved, respectively, by binding of CaM to the CaMregulatory domain and dephosphorylation of the inhibitory Ser. 308 To study the possible activation of DAPk by ER stress, we developed monoclonal antibodies specifically recognizing the inactive, phosphorylated Ser 308 form of DAPk (Supplementary Figure 5) . These anti-phosphoSer 308 antibodies were used to immunoprecipitate endogenous DAPk from HEK293T cells treated with tunicamycin to determine the abundance of the phosphorylated inactive form relative to total DAPk. A pronounced, reproducible decrease in the levels of phosphorylated DAPk was observed at 4-8 h (Figure 6a ) and was detectable as early as 1 h after tunicamycin treatment (Figure 6b) . Thus, DAPk is dephosphorylated before LC3 is lipidated ( Figure 1B and Supplementary Figure 6A) , and before cell death morphology is first evident in 293T cells, at 18-24 h. Notably, the dephosphorylation persisted for at least 24 h (data not shown). These data suggest that a major portion of the intracellular DAPk pool is activated by ER stress. This was
further supported by measuring kinase activity in vitro using myosin II regulatory light chain (MLC) as a substrate. In these assays, endogenous DAPk protein was immunoprecipitated with antibodies to the C-terminus of the protein, which recognize both phosphorylated and nonphosphorylated DAPk. DAPk immunoprecipitated from tunicamycin-treated cells showed significantly higher kinase activity in the presence of 0.1-1 nM calmodulin, compared to DMSO-treated cells (Figure 6c ). To identify the phosphatase responsible for DAPk Ser 308 dephosphorylation, various phosphatase inhibitors were screened in cells. As the combination of ER stress-inducers with specific inhibitors of major serine/threonine phosphatases was highly toxic, ionomycin was used as a stimulus. Ionomycin, which causes a fast and robust increase in cytosolic calcium concentrations, has been shown to induce autophagy in MCF7 cells, similar to the calcium mobilizer thapsigargin. 29 LC3 mobility shift assays confirmed that it induces autophagy in 293T cells as well (Supplementary Figure 6B) . Ionomycin treatment led to a rapid dephosphorylation of DAPk Ser 308 after 30 min (Figure 6d, lanes 1, 2) . In this setting, the addition of the PP2B inhibitor cyclosporine A had no effect on Ser 308 dephosphorylation (Figure 6d , lane 4), whereas protein phosphatase 1 (PP1) and PP2A inhibitors calyculin A and okadaic acid blocked it (Figure 6d, lanes 3, 7) . Okadaic acid is a more potent inhibitor of PP2A and its closely related family members than of PP1, and concentrations lower than 10 nM fail to inhibit PP1, while inhibiting the PP2A family. It was found that even low concentrations of okadaic acid in the nanomolar range were able to potently inhibit DAPk Ser 308 dephosphorylation, suggesting that a PP2A-like phosphatase is responsible for DAPk activation (Figure 6d,  lanes 5-7) . It should be noted that siRNA-mediated knockdown experiments of PP2A were inconclusive as the depletion Figure 7) . Finally, to confirm that PP2A directly dephosphorylates DAPk, an in vitro dephosphorylation assay using purified proteins was performed. As shown in Figure 6e , incubation of recombinant DAPk with purified PP2A enzyme caused dephosphorylation of Ser. 308 In contrast, neither PP2B nor PP1 was effective in these assays. Thus, the cell-based okadaic acid effects and the in vitro dephosphorylation assays are consistent with the possibility that PP2A or a closely related phosphatase may be the serine/threonine phosphatase activating DAPk during ER stress.
DAPk promotes ER stress-induced caspase-activation and autophagy. A quantitative analysis of the effects of DAPk deletion on ER stress-induced autophagy and caspase activation was then undertaken. A DEVDase assay showed that caspase-3-like activity in DAPkÀ/À MEFs was attenuated when compared to WT controls (Figure 7a ). In line with this data, accumulation of the active form of caspase-3 was attenuated in DAPkÀ/À MEFs (Supplementary Figure   8A ). In contrast, the deletion of DAPk did not block caspase activation upon treatment of MEFs with the classical apoptosis inducer staurosporine (Supplementary Figure 8A) consistent with the lack of protection from staurosporineinduced cell death observed in Figure 4a . To assess the effect of DAPk deletion on the autophagic process, DAPkÀ/À mice were crossed to GFP-LC3 transgenic mice. GFP-LC3 DAPk þ / þ and À/À MEFs derived from these mice were used to measure the number of LC3 dots/mm 2 of cellular area after 8, 16 or 24 h exposure to tunicamycin. GFP-LC3 dots accumulated in wild-type MEFs in a time-dependent manner, whereas in the DAPkÀ/À cells, this process was significantly inhibited (Figure 7b ). The number of GFP-LC3 dots/mm 2 was also significantly reduced in DAPkÀ/À MEFs treated with thapsigargin for 24 h, compared to DAPk þ / þ counterparts (Figure 7c) . Two different knockout fibroblast preparations gave similar results (data not shown). Again, these protective effects of DAPk deletion were unique to ER stress. The lack of DAPk in MEFs reduced the accumulation of the LC3-II form in response to tunicamycin and not in response to amino acid starvation (Supplementary Figure  8B ). These data demonstrate that activation of DAPk by ER stress signals mediates caspase activation and autophagic induction in primary fibroblasts. 
Discussion
In this study, we showed that ER stress induces a mixed type of cell death with characteristics of both apoptosis (i.e., caspase activation, chromatin and mitochondrial condensation) and autophagic cell death (i.e., accumulation of autophagic vesicles). To gain insight into the molecular mechanism, which integrates these two pathways, we used cells and mice that are deficient of DAPk. DAPk was previously reported to induce cell death with apoptotic or autophagic characteristics in independent cellular and experimental contexts. 18 Indeed, we found here that DAPk is activated during ER stress and is positively connected to these two processes, which develop within the same cells. We proved that ER stress led to the activation of DAPk catalytic activity by dephosphorylation of a key residue in its calmodulin-regulatory domain. Quantitative measurements of caspase activity and accumulation of autophagic vesicles demonstrated that the hallmarks of both apoptotic and autophagic pathways activated during ER stress were attenuated in DAPk-deficient cells. The requirement for DAPk during ER stress-induced cell death was further confirmed by the resistance of DAPk-null cells to cell death caused by agents leading to prolonged ER stress. This was shown in vitro using isolated fibroblasts in culture and in vivo in a kidney toxicity model. The major death-related pathways activated by ER stress, involving caspase-12, transcriptional upregulation of CHOP and early JNK activation, however, were not altered in DAPk-null cells. Thus, DAPk may act downstream to these molecules in the known ER stressinduced signaling pathways leading to cell death, or alternatively, may define a novel signaling pathway, which gauges the stress response and activates cell death. Hence, DAPk is one of the key molecules activated by ER stress and is necessary for cellular demise by a mixed type of cell death under these conditions.
The capacity of ER stress to induce autophagy in cultured cells has been recently addressed by several groups. In yeast, where autophagy mainly acts as a survival-promoting response, ER stress induction led to autophagy activation. 3, 15 In studies using mammalian cells in culture which were exposed to various ER stress-inducing drugs or polyglutamine aggregates, autophagy was alternatively described as either death protective or death promoting. 4, 14, 30, 31 It has been proposed that autophagy contributes to cell death in nontransformed cells, while it serves to attenuate apoptotic cell death in transformed cancer cell lines. 4 Here, we found that the ER-induced autophagy in primary fibroblasts had prodeath characteristics. Notably, increased cell viability could be detected only if both cell death modalities were attenuated simultaneously by knocking out/down critical genes along these pathways (e.g., caspase3, Atg5). A recent publication also provided evidence for enhanced cell survival upon Atg5 knockdown or 3-MA treatment in cells in which apoptotic cell death was blocked by overexpression of Bcl-X L or knockout of Bax/Bak. 21 Similar to our study, the protection from ER stressinduced cell death by the combined perturbation of apoptotic and autophagic genes was always partial. This further suggests the existence of additional mechanisms of cell death such as necrosis, which may be activated in parallel by the ER stress or may function as a backup mechanism called into action when the other two pathways are attenuated.
DAPk has been linked to apoptosis through the phosphorylation of MLC, 32, 33 which promotes membrane blebbing, through the inhibition of integrin function and induction of anoikis 34 and through the activation of p53. 25 In this system, however, we can exclude the involvement of p53 in the DAPk/ ER stress pathway, as neither p53 nor its target genes, including p21, Mdm2 and PUMA, were upregulated by ER stress in either WT or DAPk À/À cells, and p53 À/À MEFs retained their sensitivity to ER stress-induced death (Supplementary Figure 9 ). The molecular mechanisms linking DAPk to autophagy have not yet been characterized. It is possible that the previously identified DAPk substrate syntaxin-1A, a component of the v-SNARE complex, may be involved. 35 Notably, the CaM-dependent kinase kinase b (CaMKKb), another substrate of DAPk, 36 has been implicated in mediating autophagy induced by ionomycin and inducers of ER stress. 29 However, phosphorylation of CaMKKb by DAPk on Ser511 attenuates the former's CaM-dependent autophosphorylation, a step necessary for its activation, suggesting that DAPk actually inhibits CaMKK function. Thus, it is unlikely to be a downstream mediator of DAPk in the autophagysignaling pathway. Future characterization of the direct targets of DAPk will clarify how the kinase is linked to both apoptotic and autophagic death-related pathways.
To our knowledge, the DAPk knockout mouse is the first model where two death-related processes, caspase activation and autophagy, are attenuated by the knockout of a single gene. This indicates that during ER stress-induced cell death, DAPk functions as node of integration between apoptosis and autophagy, which may mediate coordinated activation and cooperativity between the pathways. Yet, deletion of DAPk did not block either pathway entirely, nor was complete viability restored in DAPkÀ/À cells. Thus, just as the presence of multiple executioners, such as the caspases, and regulators, such as the Bcl-2 family, provide compensatory redundancy to ensure a robust and fine-tuned response to an apoptotic signal, so too, several layers of signal sensors, DAPk comprising one, would ensure activation of the proper mixed apoptotic and autophagic responses. The data presented here underline the importance of combinatorial drug treatment approaches for human diseases manifesting hallmarks of ER stress, apoptosis and autophagy, including neurodegenerative diseases and stroke. These approaches should target not only apoptotic pathways, but also pathways involving alternative types of cell death, and molecules like DAPk, which regulate multiple death pathways, are therefore the most promising targets for such treatment approaches.
Materials and Methods
Generation of DAPk-deficient mice. The DAPk gene was disrupted with a targeting vector derived from a 20 kb genomic fragment encompassing the first exon, which was isolated by screening a 129-SVJ genomic phage library (Stratagene, La Jolla, CA, USA) with a 460 bp 5 0 fragment of mouse DAPk cDNA. The positive selection marker, neomycin, was inserted into the first exon, flanked by homologous arms of 3.5 kb and a 1.8 kb, respectively, and the diphtheria toxin gene was added for negative selection. The targeting construct was electroporated into ES cells of 129-SVJ background, which were microinjected into wild-type C57Bl/6J blastocysts to generate chimeric mice. Gene deletion was confirmed by PCR and by northern blot analysis using 2.5 mg polyA þ RNA, and probes generated from radiolabeled PCR fragments corresponding to nt 3187-4293 of mouse DAPk sequence or to full-length GAPDH. Germ line transmission was confirmed by mating chimeras with wild-type C57Bl/6J mice, and 129/C57Bl/6J mixed background siblings were obtained. C57Bl/6J background mice were obtained after 10 generations of consecutive backcrossing. GFP-LC3 transgenic DAPkÀ/À or þ / þ mice were obtained by crossing C57Bl/6J DAPkÀ/À mice to GFP-LC3 mice 19 of the same background.
Cell culture. HEK293T cells and MEFs were cultured as described. 16, 25 MEFs were isolated from the embryos of identical genotype (pools of 6-9 embryos per genotype) as described 25 and assayed at passage 3-6. Immortalized polyclonal ATG5À/À and ATG5 þ / þ fibroblasts were obtained by transfection of primary MEFs 22 with the whole SV40 genome. Bax/BakÀ/À and þ / þ fibroblasts were obtained by SV40 immortalization of primary MEFs as described. 26 Caspase-3À/À fibroblasts were previously described. 37 For gene-depletion experiments, control Hc-Red siRNA (5 0 -GUAUGCGCAUCAAGAUGUA-3 0 ), siGENOME commercial 19mer siRNAs targeting two different regions of the mouse caspase-3 sequence (Cat no. D-043042-03 and D043042-04) and siRNA targeting Beclin1 (Cat no. D-55895-01) were purchased from Dharmacon (Lafayette, CO, USA). MEFs (3 Â 10 6 ) were transfected with 5 mg siRNA by electroporation using the Amaxa (Gaithersburg, MD, USA) MEF-II kit and Amaxa Nucleofector program A023.
Cell death experiments. Cell death inducers (Sigma-Aldrich, Rehovot, Israel) were administered to MEFs as indicated in the text, and cell viability was assessed 24 h later by measuring the uptake of neutral red dye (Sigma-Aldrich). Propidium iodide uptake (Sigma-Aldrich, 4 ml/ml) was measured by counting the number of positive cells in the whole cell population. For starvation experiments, MEFs were incubated in Earl's balanced salt solution without serum for 5 h. For colony-formation assay, 4 Â 10 5 cells were plated on 100 mm dishes and 24 h later, equal plating was confirmed by the neutral red assay. Triplicate dishes were treated for 24 h with the indicated concentrations of tunicamycin, and were then washed. Twelve days later, plates were fixed and stained with crystal violet and the number of colonies containing 450 cells were counted. The DEVDase assay was performed as described using 40 mg MEF extract per reaction. 38 DEVDase activity was expressed as the difference between the crude DEVDase activity and the activity in the presence of 50 mM ZVAD (Enzyme Systems Products, MP Biomedicals, Solon, OH, USA).
Autophagic activity was quantified by counting GFP-LC3 dots by fluorescent microscopy (see below). GFP-LC3 transgenic fibroblasts were treated with 1 mg/ml tunicamycin or 1 mM thapsigargin. Forty cells per genotype were analyzed from different fields and a micrograph of each counted cell was recorded. After determining the surface area of each cell digitally using Photoshop (Adobe Systems, San Jose, CA, USA) software, the total number of dots per total mm 2 cell area was calculated. (A more detailed explanation of the method is presented as Supplementary Methods.) Results shown represent 3-4 independent experiments (120-160 cells per genotype). The number of dots/mm 2 in DMSO-treated cells was negligible.
For long-lived protein degradation, MEFs were grown in valine-free a-MEM medium supplemented with 10% FBS and [ 14 C]valine (1.5 mCi/ml) for 24 h and incubated with tunicamycin (1 mg/ml) or DMSO for an additional 13 h. Cells were washed with PBS and incubated 3 h in chase medium (a-MEM supplemented with 10% FBS, 15 mM cold valine and tunicamycin (1 mg/ml) or DMSO, with or without 3-MA (5 mM)) to allow degradation of short-lived proteins. After PBS wash, cells were incubated 4 h in the corresponding fresh chase medium. Long-lived protein degradation was calculated as the percentage of the ratio of total acid-soluble radioactivity in the media and cells to the total TCA-precipitable radioactivity. 3-MA-inhibitable degradation was considered as autophagic degradation.
Immunoblotting. Immunoblotting was performed using monoclonal antibodies to DAPk, b-tubulin and actin (Sigma-Aldrich), CHOP/GADD153 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), PP2Ac (Millipore), phospho-JNK and JNK (gift of R Seger, Weizmann Institute of Science) and rabbit polyclonal antibodies to caspase-12 (Cell Signaling Technology, Beverly, MA, USA), active caspase-3 (Promega, Madison WI, USA), procaspase-3 (Santa Cruz) and anti-LC3 polyclonal antibodies (either contributed by N Mizushima or Sigma-Aldrich).
Histology, immunostaining and microscopy. Two-month-old C57Bl/6 mice were given a single 1 mg/g body weight intraperitoneal injection of tunicamycin. Four days after injection, mice were perfused with 3.7% paraformaldehyde (PFA) in PBS. Hematoxylin and eosin-stained paraffin sections were used for histopathological analysis. Frozen tissue sections were analyzed by TUNEL staining using the ApopTag Red in situ apoptosis detection kit, according to the manufacturer's instructions (Millipore, Billerica, MA, USA). The TUNEL-positive nuclei were counted in 5-10 random fields at the subcortical/proximal tubular area of kidney sections by fluorescent microscopy (BX41, Olympus, Center Valley, PA) at Â 400 magnification ( Â 40 UPlanFL objective, N.A. ¼ 0.75) at room temperature, and the correspondence of each dot to a nucleus was confirmed by comparing the DAPI nuclear staining of the same field. GFP-LC3 MEFs were fixed with 3.7% PFA in PBS, permeabilized with 0.05% Triton X-100/PBS and stained with anti-active caspase-3 antibody (Cell Signaling Technology) followed by rhodamine-conjugated anti-rabbit antibody (Jackson ImmunoResearch, West Grove, PA, USA). Slides were examined at room temperature with the same microscope, using Â 60 (N.A. ¼ 1.25) and Â 100 (N.A. ¼ 1.3) UPlan-Fl oil immersion objectives. Digital images were generated with an Olympus DP50 CCD camera using Viewfinder Lite and Studio Lite software. Final composites were prepared using Adobe Photoshop (Adobe Systems). TEM of MEFs and of mouse kidneys were performed as previously described. 16 Analysis of Ser 308 phosphorylation. HEK293T cells were treated with 1 mg/ml tunicamycin or equal volume of the vehicle DMSO for the indicated times. Cells were lysed in PLB (10 mM NaPO 4 pH 7.5, 5 mM EDTA, 100 mM NaCl, 1% Triton, 0.5% Na deoxycholate, 0.1% SDS) containing 100 nM okadaic acid, 1 mM cyclosporine A, 1 mM NaF, 50 mM b-glycerophosphate and protease inhibitors. After preclearing for 30 min on empty protein G-agarose beads (Santa Cruz), cell lysate was incubated at 41C for 30 min with 1 ml anti-phosphoSer 308 antibody prebound to protein-G beads. After three washes in the same buffer, samples were immunoblotted using anti-DAPk antibody. The anti-phosphoSer 308 mouse monoclonal antibodies were produced in collaboration with Sigma-Aldrich using peptide CKKWKQS-PO 3 VRLI as the immunogen (Supplementary Figure 5) . Alternatively, for phosphoSer 308 analysis of exogenous DAPk, 293T cells transfected with sublethal concentrations of Flag-DAPk were treated for 30 min with 5 mM ionomycin (Sigma-Aldrich) in the presence of DMSO or various phosphatase inhibitors as indicated, lysed in PLB as described above and subjected to western blotting with anti-phosphoSer 308 antibody.
In vitro kinase and phosphatase assays. Endogenous DAPk was immunoprecipitated for 2 h as described above using protein A-agarose beads (Santa Cruz) bound to a rabbit polyclonal antibody raised against the DAPk C-terminal tail region. 39 Beads were incubated for 20 min at 301C in 30 ml reaction buffer (50 mM HEPES pH 7.5, 8 mM MgCl 2 , 2 mM MnCl 2 and 0.1 mg/ml BSA, 0.5 mM CaCl 2 , 50 mM ATP, 2 mg MLC (Sigma-Aldrich), 100 nM okadaic acid, 1 mM cyclosporine A, 1 mM NaF, 50 mM b-glycerophosphate and protease inhibitors) containing 15 mCi [g-32 P]ATP, and the indicated amounts of bovine calmodulin (Sigma-Aldrich) or 5 mM EGTA. Samples were analyzed by immunoblotting and autoradiography. Densitometric values of MLC phosphorylation and DAPk protein levels in each sample were quantified by NIH software. DAPk activity was expressed as the ratio of kinase activity per quantity of DAPk protein in the immunoprecipitate.
Alternatively, Flag-tagged DAPk was purified from transiently transfected HEK293T cells as described. 39 100 ng DAPk was incubated for 30 min at 301C in PP2A reaction buffer (20 mM MOPS, pH 7.5, 150 mM NaCl, 60 mM 2-mercaptoethanol, 1 mM MgCl 2 , 1 mM EGTA, 0.1 mM MnCl 2 , 1 mM DTT, 10% glycerol and 0.1 mg/ml serum albumin) or in PP2B reaction buffer (50 mM Tris-HCl, pH 7.5, 2.5 mM DTT, 1 mM CaCl 2 , 1 mM MnCl 2 and 2 mM bovine calmodulin (Sigma-Aldrich)) or in PP1 reaction buffer (50 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 5 mM DTT, 1 mM MnCl 2 ) in the presence or absence of purified PP2A (0.5 U), PP2B (1 mg) or PP1 (0.5 U) (Upstate, Billerica, MA, USA). Activity of the recombinant enzymes was confirmed by pNPP test before experimentation. Samples were analyzed by immunoblotting as described above.
Statistical analysis. The statistical significance of differences between groups was assessed by two-tailed Student's t-test. Values of Po0.05 were considered significant.
